We report on the first proper motion measurement in the supernova remnant RX J1713.7−3946 using the XMM-Newton X-ray telescope on a 13 year time interval. This expansion measurement is carried out in the south-east region of the remnant, where two sharp filament structures are observed. For the outermost filament, the proper motion is 0.75
Introduction
Shell-like X-ray synchrotron emission in supernova remnants (SNRs) is the evidence that electrons can be accelerated to very high energies (up to 100 TeV) at the shock. All such SNRs are young (t < 5 000 yrs) and exhibit high shock speeds (V sh > 2 000 km s −1 ). These are ideal conditions in which diffusive shock acceleration can take place. Therefore, these sources provide the best targets to study the detailed physics of cosmic ray (CR) acceleration in SNRs.
While very young historical SNRs, e.g. Tycho, Kepler, SN 1006 typically show a mix of both synchrotron and thermal emission (from ejecta and shocked ambient medium), some slightly older SNRs, e.g. RX J1713.7−3946, Vela Jr and HESS J1731-347, exhibit spectra dominated by X-ray synchrotron emission. Despite a decade of search, no thermal X-ray emission was detected in any of these SNRs until Katsuda et al. (2015) recently reported the first detection of thermal X-rays from the central region of RX J1713.7−3946, which probably originates from shocked ejecta, rather than shocked interstellar medium (ISM). The measured abundance ratio suggest that the progenitor of RX J1713.7−3946 was a relatively low-mass star (< 20 M ), consistent with the estimate of 12-16 M (Cassam-Chenaï et al. 2004) based on the effect of stellar winds of the progenitor star on the surrounding medium.
RX J1713.7−3946 is the brightest SNR at TeV energies and is considered the prototypical CR accelerator. Despite clear evidence of efficient electron acceleration from X-ray synchrotron, it is unclear whether γ-rays originate from accelerated hadrons (dominating the Galactic CR composition) or electrons. GeV observations with Fermi-LAT show a hard spectrum (Γ = 1.50 ± 0.11, Abdo et al. 2011 ) that is incompatible with purely hadronic γ-rays stemming from a canonical E −2 proton population, but can be represented by inverse Compton (IC) emission from CR electrons up to TeV energies.
However, while IC γ-ray emission is dominant, this does not mean that there is no hadron acceleration in RX J1713.7−3946 since we see indirect evidence in other SNRs of efficient hadronic acceleration through other means, e.g. highly amplified magnetic fields and back-reaction of energetic hadrons (Parizot et al. 2006; Miceli et al. 2012) . Detailed modeling of CR acceleration coupled to the SNR evolution has been performed by Ellison et al. (2010) and been fit to X-ray and γ-ray data. The lack of thermal X-rays implies a low density (< 0.05 cm −3 , Ellison et al. 2010 ) that suppresses hadronic γ-rays. Using these models with a known value of the ambient density enables us to provide actual measurements and no longer upper limits on the fraction of kinetic energy that is transferred to accelerated hadrons in RX J1713.7−3946; a key parameter in understanding the role of SNRs as Galactic CR accelerators. As no thermal X-ray emission from shocked ISM is seen, detecting proper motion in X-rays remains the best hope for constraining the ambient density and the age of this remnant. In addition, while the SNR is commonly associated with the historical supernova SN 393 (Wang et al. 1997) , this association has been debated by Fesen et al. (2012) and shock speed measurements can help to estimate the SNR age. To obtain a clean measurement of proper motion, a sharp filament is needed. These types of features are not present in the bright, most studied, north-west region of the remnant. By inspecting the full mosaic provided by XMM-Newton (Figure 1 of Acero et al. 2009 ), we found promising filaments in the southeast (SE). The shock front in the SE region is the most distant shock from the central compact object (indicating the initial location of the supernova). The shock in this region is probably still evolving in the original cavity carved by the wind of the massive progenitor, enabling us to directly probe the cavity density and the age of the SNR.
Data reduction
The SE region of the SNR was observed by XMM-Newton on March 14 2002 for 13.7 ks but was affected by solar flares resulting in a useful exposure time of 11.7 and 5.7 ks for MOS and pn respectively. The deep 82 ks observation (64.1/48.0 ks for MOS and pn respectively after screening) obtained on March 11 2015 provides high statistics and a 13-year leverage to study the proper motion of the rim.
For the image generation and the radial profiles, the instrumental background was derived from the filter wheel closed data provided by the XMM-Newton Science Operation Center 1 . The 0.6-6 keV energy range was chosen since there is little emission below 0.6 keV and the instrumental background starts to dominate above 6 keV. The background subtracted and exposure corrected MOS + pn image in the 0.6-6 keV energy range (shown in Figure 1 , left) clearly reveals several sharp filaments. The exact shape and edge position of the filaments is not easy to determine by eye, which hampers a proper definition of regions parallel to the shock to extract radial profiles. To guide our region definition, we used a Canny edge detection algorithm, which is commonly used in image processing. The first step of this algorithm is a Gaussian filtering to reduce the image noise. Then the intensity gradients in the image are computed and potential edges are thinned down to 1-pixel curves. Finally edges pixels are filtered using an hysteresis thresholding on the gradient magnitude. We used the Canny edge implementation provided in the 1 http://cosmos.esa.int/web/xmm-newton/filter-closed scikit-image 2 Python library (van der Walt et al. 2014) applied to the background subtracted, exposure corrected, count map. In the Gaussian filtering step, the width was set to 20 arcsec radius and the edges are stable when changing the width of the Gaussian in the filtering step. The resulting edges are shown as a contour on Figure 1 and perfectly outline the shape of the filaments, even in faint regions where the filament fades out. Based on the edge images shown in Figure 1 (right), two main structures labeled outer region and inner region (towards the inside of the SNR which are probably due to projection effects) were identified as promising regions to investigate the filament's proper motion. The inclination of the box regions was chosen to be parallel to the shock edge and the width was chosen so that the shock edge is approximately planar within the regions.
While the 2002 and 2015 observations were carried out with the same position angle, the two pointing positions are separated by 2.7 arcmin (see crosses in Figure 1 ). The peak of the sharp inner filament is almost equidistant to the two pointing positions and is not affected by changes in PSFs in 2002 and 2015 (same off-axis angle). The outer filament is respectively located at 6.5 arcmin from the 2002 pointing position and 4.3 arcmin from the 2015 pointing position. We investigated the evolution of the PSF as a function of off-axis angle using the XMM-Newton calibration file (XRT*_XPSF_0014.CCF) for a reference energy of 1.5 keV. The FWHM for our off-axis angle configuration (4.3 arcmin and 6.5 arcmin) corresponds to 5.9 arcsec and 6.3 arcsec respectively. This very small difference in PSF slightly changes the way the shock front is smoothed but, at the first order, does not affect the localisation of the peak.
The 2002 and 2015 observations were searched for common registration sources and six candidate X-ray point sources were found (Sources 1-6 are shown in Figure 1, right) . Whenever the sources were covered by archival Chandra observations, we confirmed that they were point-like in nature (Sources 1-3). Sources 2-4 have optical counterparts and, while sources 3 and 4 have measured proper motions (from the PPMXL catalog, Roeser et al. 2010) , the displacement remains < 0.5 arcsec over our 13-year period. Sources 5A (detected in 2002) and 5B (detected in 2015) are separated by 25 arcsec and are probably two indepen- , and PM RA = 17 mas yr −1 ), which amounts to an apparent displacement of 1.6 arcsec over 13 years and is not used in our alignment process. Since the 2015 observation is much deeper, we used the 2015 position of sources 1-4 (obtained with the XMM-Newton SAS tool edetect_chain) as reference to align the astrometry of the 2002 observation, using the SAS tool eposcorr. After alignment, the mean 2002-2015 residual offset of the four registration sources is 0.9 arcsec, which we consider as our systematic uncertainty.
To avoid any pixelization effect for the rapidly changing profile of the filament, we extracted the source radial profiles with a 2 arcsec binning directly from the event lists and only from the MOS instrument that has a smaller camera pixel size (1.1 arcsec) compared to pn (4.1 arcsec). Removing pn from the 2002 observation (our limiting factor) only discards 5.7 ks of observation (11.7 ks of MOS remaining). The instrumental background and the exposure profiles were extracted directly from the filter wheel closed images and the exposure maps. The point sources were removed from the event lists, the exposure maps, and the background maps. As a result, we obtained three radial profiles (count, exposure, and instrumental background profiles) for each observation and for each MOS camera.
Analysis
To estimate the proper motion between the two epochs, we built a shock profile model based on the 2015 high statistic observation (assuming no errors), which is then compared to the 2002 profile. The latter profile is in counts and is the sum of the MOS1 and MOS2 camera. We note that the number of counts for some bins of the 2002 radial profile falls below 25 counts/bins and we have therefore used Cash statistics (Cstat, Cash 1979) rather than the χ 2 estimator. A count profile model and the associated Cstat value is calculated as a function of a S hi f t (in arcsec) and Amplitude (the ratio of the 2002 to 2015 profile) parameters. The Cstat value C is calculated as
where M i is the predicted number of counts in bin i and S i the observed number of counts in bin i in the 2002 observation. The model M is calculated for each pair of parameters and provides the expected number of counts, taking into account the observational conditions of the 2002 observation (exposure and instrumental background profile):
where F mod src represents the vignetting-corrected, backgroundsubtracted flux profile from the 2015 model observation. F cst is the astronomical background flux, measured upstream of the SNR shock for r < 75 arcsec in the outer region (see Figure 2 , top, left panel). The parameters Exp obs and C obs bkg represent the 2002 exposure and instrumental background profiles. We note that the amplitude and shift parameters are applied only to F mod src not to shift or amplify the instrumental background or any exposure related features. The resulting 2D Cstat maps are shown in the middle panels of Figure 2 , and a 1D profile as a fit of the shift alone is shown in the right panels. The best-fit results are listed in Table 1 . In both regions, no significant change in brightness is observed (Amplitude is compatible with unity) and for a distance of 1 kpc, the corresponding shock speed is respectively 2880 ± 240 stat ± 330 syst km s −1 and 3550
+250
−290 ± 330 syst km s −1 for the inner and outer regions. Distance (kpc) Fig. 3 . Left panel: ejecta mass distribution as a function of age and density assuming equality in Eq. 4. For each point of the grid, the swept-up mass in the equation is derived by computing the shock radius using evolution equations for a supernova explosion energy of 10 51 ergs, n = 9, and s = 2. The white region indicates the excluded parameter space, where the ejecta mass becomes negative. Middle panel: using the ejecta distribution previously derived, the same explosion energy, and ejecta and density profile indices, the ratio R sh /V sh is obtained and shown here as the distance independent ratio θ/θ. The value of this ratio measured in X-rays is shown as a solid white contour (dashed contours for statistical errors). Right panel: for a fixed age of 2 250 yrs derived from the previous panel, the radius of the SNR (or its distance for a fixed angular size) is explored as a function of the explosion energy and the wind density. The solid white line represents the radius of the SNR at a distance of 1 kpc.
Discussion
The measurements of the X-ray expansion rate in the SE region can be used to estimate the age of the SNR since the shock there is probably still evolving in the cavity carved by the progenitor and has not yet encountered denser material similar to that in the bright north-west region. The age t and the radius R can be related via the expansion parameter m as R ∝ t m , where the age can be derived as t = mR/V = mθ/θ. The value of the expansion parameter ranges from m = (n−3)/(n−s) in the ejecta dominated phase to m = 2/(5 − s) in the Sedov-Taylor phase, where n and s are the ejecta and ambient medium density profile indices (ρ(r) ∝ r −n,s ). For the values n = 9 and s = 2 (the shock is evolving in the wind of the progenitor star), m = 0.86/0.66 in the ejecta dominated/Sedov-Taylor phase, respectively.
In the outer and inner region, we obtain very similar values ofθ/θ (see Table 1 ) suggesting a projection effect for the inner shock. For simplicity, we use the value from the outer shock propagating in the plane of the sky, whereθ/θ = 0.38 +0.027 −0.031 ± 0.035 syst kyr −1 or θ/θ = 2.64
+0.19
−0.21 ± 0.26 syst kyr. With the previously derived values of θ,θ, and m and without any assumptions on the ambient density nor on the distance to the SNR, we can constrain the age of the SNR to be 1 760 yrs in the Sedov-Taylor phase and 2 270 yrs in the ejecta dominated phase (2 170 yrs if n = 7).
The characteristic transition timescale between the ejecta dominated and ambient medium dominated phase is given by Eq. 24 of Tang & Chevalier (2016) . For n = 9 and s = 2, a reasonable ejecta mass of 10 M , an explosion energy of 10 51 ergs, and an ambient density of 0.05 cm −3 , t tran is 14 800 M ej 10 M 3/2 ρ 0 0.05 cm −3
where ρ 0 is the density given at a reference radius R 0 = 9.6 pc (the radius of the SE rim at 1 kpc) and ρ = ρ 0 (R/R 0 ) −2 . Therefore, in the case of RX J1713.7−3946, the SNR is still in the ejecta dominated phase.
To investigate the age and the ambient density parameters in more detail, the shock evolution equations of Tang & Chevalier (2016) , which provide a better accuracy than the Truelove & The shock in the SE is probably still propagating in the stellar wind since no shock-cloud interaction is detected in 12 CO observations of this region (Fukui et al. 2012 ) and the SE rim has the lowest absorption column density (Sano et al. 2015) . In this scenario, the swept-up mass M sw in the cavity is related to the mass loss of the progenitor (M sw < M massloss ). Starting from an initial progenitor mass of M zams = 14 M , the ejecta mass remaining after the mass lost in the wind is
where for s = 2, M sw = 4πρ 0 µm p R 2 0 R (µ is the mean atomic mass and m p the proton mass), and M cco is the mass of the central compact object (1.4 M ). We note that the shock in the south east region is probably not far from the cavity boundary (implying M sw ∼ M massloss ) since the shock in the north west is thought to already be interacting with the border of the cavity (Fukui et al. 2012) .
For an explosion energy of E = 10 51 ergs, and n = 9 and s = 2, the shock radius is computed using evolution equations as a function of the SNR age and wind density, which is used to estimate the swept-up mass in the cavity. The ejecta mass distribution (Figure 3, left panel) is then derived assuming the equality in Eq. 4. We note that high density values are excluded since the swept-up mass cannot be larger than the progenitor mass (M sw < M zams − M cco ).
Using the ejecta mass distribution and the same supernova explosion parameters, R sh and V sh are obtained from evolution equations and expressed independently of the SNR distance as θ/θ for each age and ambient density shown in Figure 3 (middle panel). The X-ray measurement of this ratio (θ/θ = 2.64
−0.21 ± 0.26 syst kyrs) is shown as a white contour and leads to a SNR age 3 of 2 250 ± 170 stat ± 200 syst yrs. We note that if the measured proper motion was smaller, the age estimate would increase.
For a fixed age of 2 250 yrs, the constraints that we can obtain on the wind density depend on the explosion energy and the physical radius of the SNR. To explore those dependencies, we computed the radius of the SNR (or its distance for a fixed angular size of θ = 0.55
• ) as a function of the explosion energy and the wind density, as shown in the right-hand panel of Figure 3 . For a given distance, an upper-limit of the explosion energy can be derived (E < 10 51 ergs at 1 kpc) since the energy cannot be too high to match the SNR radius. For a certain given distance and explosion energy, there are two possible density solutions (a low ρ/high M ej and a high ρ/low M ej configuration) that can reproduce the SNR radius for a given age.
At a distance of 1 kpc and E = 0.95 × 10 51 ergs (the maximum value allowed), the corresponding wind density is ρ 0 = ρ = 0.01 cm −3 (as R 0 was fixed at 9.6 pc ; the radius at 1 kpc). For those parameters, the corresponding swept-up mass is 4 M and the ejecta mass is 9 M and the SNR is therefore still in the ejecta dominated evolution phase. The reported mass loss of 4 M is higher than expected for a single progenitor with an initial mass of 14 M (about 1-1.5 M , see Figure 19 of Sukhbold et al. 2016) . If the progenitor evolved in a binary system, the companion could have increased the mass loss by stripping the envelope. It is, however, not clear if this is the case for RX J1713.7−3946 since Katsuda et al. (2015) have not found the remaining companion.
While the mass loss and ejecta mass are obtained assuming the equality in Eq. 4, the ejecta mass could, in fact, be lower since the shock has not fully reached the border of the cavity (implying M sw < M massloss ) or because the initial progenitor is lower than 14 M . To test this effect, we fixed the ejecta mass to 2 M (as estimated for CasA SNR by Hwang & Laming 2012) for all ages and densities. For this much smaller value, the remnant has just started its transition to the Sedov phase and, by using the same method as shown in Figure 3 (middle panel), an age of ∼2 100 yrs is derived.
The age of 2 250±170 stat ±200 syst yrs derived in the previous paragraph is in tension with the association of RX J1713.7−3946 with SN 393. We note that the age of the SNR can be significantly reduced assuming a constant density distribution in the cavity. This is plausible for a wind configuration, where the shock would pass little time in the steep (s = 2) wind profile, and very quickly afterwards evolve in the uniform shocked wind region (s = 0). For E = 10 51 ergs, d = 1 kpc, M zams = 14 M , s = 0 and n = 9, and M sw = 4/3πρµm p R 3 , we obtain t = 1 760 ± 130 stat ± 150 syst yrs and, using the same procedure as described in the previous paragraphs, we here obtain two possible density solutions, ρ =0.01/0.07 cm −3 . The higher density solution is however excluded by the upper-limit of 0.02 cm −3 based on the lack of thermal X-rays in the SE region (region 1 in Figure 8 of Cassam-Chenaï et al. 2004 ). For ρ =0.01 cm −3 , M sw = 2.5 M for an ejecta mass of 10 M and the SNR is still in the ejecta dominated phase. For the ejecta index n = 7 and M zams =14 M , we obtain an age of 1 520 ± 110 stat ± 140 syst yrs, in agreement with an association with SN 393 and a density ρ =0.01/0.09 cm −3 (the latter being excluded by the lack of thermal X-rays) for a distance of 1 kpc and E = 10 51 ergs. In this same configuration, it is interesting to note that, if the initial progenitor mass is significantly reduced (M zams = 9 M ), the maximum explosion energy allowed at 1 kpc is E = 0.8 × 10 51 ergs (0.6 if d = 0.9 kpc) for a corresponding density of ρ =0.02 cm −3 . A lower explosion energy can reduce the visual brightness (see, e.g. Morozova et al. 2015) which could help to reconcile the apparent discrepancy noted by Fesen et al. (2012) between an expected visually bright supernova (-3.5 to -5.0 mag) and the historical Chinese record of SN 393 describing a rather faint guest star.
